Axillary buds of pea (Pisum sativum L. cv. Alaska) do not grow on intact plants. Dormant axillary buds can be stimulated to grow rapidly after decapitation. Here, we isolated cDNAs of PCNA, cyclinB, cyclinD, and cdc2 from pea. The mRNA expression levels of these genes were very low in dormant axillary buds, whereas they remarkably increased after decapitation. Based on the mRNA accumulation patterns of these genes, we found that most cells in dormant axillary buds are arrested at the Gi phase in the cell cycle. There are four buds at the second node on pea seedlings. After decapitation, mRNAs became abundant in the large and small buds and were kept during the following 3 d. After 4 d, mRNAs were still present in the large bud, but not in the small bud. However, after removal of the large bud, the mRNA levels started to increase again in the small bud. These mRNA accumulation patterns were the same as those after the first decapitation. These results suggested that most cells in axillary buds at the second node are arrested at the G] phase again and have the capacity to undergo multiple cycles of dormancy and growth. Moreover, in situ hybridization analyses demonstrated that PCNA mRNA increased in all parts of the axillary buds after decapitation.
Classic studies on this mechanism have shown that auxin produced at the apex suppresses the outgrowth of axillary buds, whereas cytokinins applied to axillary buds stimulate growth and cause release from apical dominance (Sachs and Thimann 1967) . Recently, several studies involving mutant analyses (Chaudhury et al. 1993 , Lincoln et al. 1990 , grafting experiments (Beveridge et al. 1994 , Napoli 1996 , and the manipulation of endogenous hormone levels (Medford et al. 1989 , Romano et al. 1991 have demonstrated that auxin and cytokinin play important roles in the growth of axillary buds. However, the molecular mechanisms which govern this process have not been understood so far.
The anatomy of axillary buds following apex removal has been examined to understand the release from apical dominance. Two commonly used methods have been used. One is measurement of bud length and another is measurement of the rate of cell division. Bud growth and cell division may be related to axillary bud maturity (Martin 1987) . When the axillary buds are not fully developed, decapitation first causes cell division, followed by bud growth (Naylor 1958) . On the other hand, for fully developed axillary buds, as in Pisum sativum, renewed bud growth at 6 to 8 h was followed by mitotic activity at 12 h (Rubinstein and Nagao 1976) .
Recently, it has been shown that the eukaryotic cell cycle is controlled by common mechanisms and structurally homologous genes. Heterodimeric protein kinases, which play a central role in the regulation of the cell cycle, consist of the cyclin-dependent kinases (cdks) and cyclins. Cdks are catalytic subunits and cyclins are regulatory subunits. The association of the cdks with specific cyclins, together with phosphorylation and dephosphorylation of cdks, is required for most eukaryotic cell cycle transitions. For example, Cdc2 protein kinase is required for entry into mitosis, and the activity of cdc2 depends on it being associated with cyclinB (for reviews, see Norbury and Nurse 1992 , King et al. 1994 , Nurse 1994 . In some plants, the genes for homologues of cdks and cyclins are isolated (for a review, see Jacobs 1995) and their expressions have been analyzed (Hemerly et al. 1992 , Fobert et al. 1994 . It has been shown that the transcripts of cyclinB accumulate predominantly during the late G 2 and M phases.
Some genes are specifically expressed during the S phase of the cell cycle. One of them is PCNA (proliferating cell nuclear antigen), which was initially recognized as a nuclear autoantigen which reacts with autoimmune sera from a certain group of patients with systemic lupus erythematosus (Miyachi et al. 1978) . PCNA has been recognized as an auxiliary protein of DNA polymerase-<$ (Prelich et al. 1987) and PCNA mRNA accumulates predominantly during the late G, and S phases (Almendral et al. 1987) . Immunofiuorescence studies of the distribution of PCNA during the cell cycle have revealed that the nuclear localization of PCNA changes dramatically in cells in the S phase (Bravo and MacDonald-Bravo 1985) . The gene for a plant homologue of PCNA was identified (Suzuka et al. 1989) and mRNAs were shown to accumulate during the late G, and S phases in synchronized culture cells (Kodama et al. 1991) .
Mammalian cyclinDs, which are called G, cyclins, may act primarily as growth factor sensors, feeding information on the external environment of the cell into the cell cycle control system. Following stimulation of murine macrophages by colony-stimulating factor-1, the level of cyclinD mRNA increased in the early or middle Gj phase and reached a maximum at the G[/S transition. Also, cyclinD levels depend on serum growth factors. It has been suggested that cyclinD may form a link between growth signals and cell cycle progression (for a review, see Sherr 1993) . In plants, cyclins with homology to the cyclinD of vertebrates were isolated from Arabidopsis (Soni et al. 1995) and alfalfa (Dahl et al. 1995) by their ability to rescue yeast mutants lacking endogenous Gi cyclin activity. Cyclin<J3 transcript levels were induced at the G,/S transition following phytohormone readdition in synchronized suspension-culture cells (Fuerst et al. 1996) . Devitt and Stafstrom (1995) showed that dormant buds contain Gi and G 2 nuclei (at about a 3 : 1 ratio) and cells are arrested at three points in the cell cycle, in mid-G,, at the G^S boundary, and near the S/G 2 boundary. In this paper, we isolated cDNAs of PCNA , cyclinB, cyclinD, and cdc2 from pea. Based on the mRNA accumulation patterns of the genes, we found that most cells in dormant axillary buds are arrested at the G, phase in the cell cycle and axillary buds at the second node have the capacity to undergo multiple cycles of dormancy and growth.
Materials and Methods
Plant growth and tissue collection-Seeds of Pisum sativum L. cv. Alaska were soaked in running tap water for 24 h and sown in trays of rockwool. Illumination from fluorescent lights was provided over an 18 h light/6 h dark photoperiod. Temperature was 22-25°C.
All tissues were isolated from 7-d-old seedlings. Tissues studied were axillary buds at the second node, terminal shoot apices (terminal 3 mm), and root apices (terminal 5 mm). Plants were decapitated 1 cm above the second node to stimulate axillary bud growth.
Library construction-Total RNA was isolated from the tissues by SDS-phenol extraction, followed by LiCl preparation, and the poly(A) + RNA-enriched fraction was selected by oligo(dT)-cellulose column chromatography. cDNA libraries were constructed in vector-primer from 5//g of poly(A) + RNA (Mori et al. 1991) . 
PCR and cloning of cDNAs-Degenerate
, where N in parentheses indicates all four deoxyribonucleotides. Oligonucleotide primers were designed for published amino acid sequence of pea cdc2 (Feiler and Jacobs 1990) . PCR amplification was performed with total RNAs of root tips or shoot apices using Taq DNA polymerase (TAKARA). The primer concentrations were 1 /iM, and the cycling conditions were 40 cycles at 94°C (1 min), 45°C (1 min), and 72°C (1 min). The amplified fragments (492 bp, 185 bp, and 108 bp) were isolated from an agarose gel, cloned into a BSII TSK-plasmid vector (Ichihara and Kurosawa 1993) , and sequenced. The selected PCR products were labeled by random priming with 32 P-dCTP and used to screen the cDNA libraries of root tips or shoot apices. Hybridization was carried out in 50% formamide, 6xSSPE [lxSSPE is 0.15 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA (pH7.4)], 0.5% SDS, 100/<gmr' denatured salmon sperm DNA, and 5% Irish cream liqueur (BAILEY'S) at 42°C for more over 16 h. The filters were washed in 2 x SSPE and 0.1% SDS for 30 min at room temperature, and then in 2 x SSPE and 0.1% SDS at 65°C twice for 30 min each. A Fuji Imaging Plate was exposed to the filters for 4 h. The image was visualized with a BAS2000 imaging analyzer (Fuji Photo Film Co., Japan).
DNA sequencing-The cDNAs were sequenced by the dideoxy chain termination method using an automatic DNA sequencer (model LIC-4000, LI-COR Inc., U.S.A.). Both strands were entirely sequenced.
RNA extraction and blot analysis-Formaldehyde agarose gel electrophoresis of total RNA was performed using standard procedures (Sambrook et al. 1989 ). The RNAs were blotted onto a Hybond N+ membrane (Amersham) and hybridized with 32 P-labeled cDNA inserts. The conditions of hybridization and subsequent washing were the same as those given for the screening of cDNA libraries.
In situ hybridization-The methods used for digoxigenin and fluorescein labeling of RNA probes, tissue preparation and in situ hybridization were those of Kouchi et al. (1995) with the following changes. First, poly-L-lysine-coated slides were replaced by APScoated slides (Matsunami Glass Ind., Ltd., Japan). Second, antidigoxigenin and fluorescein-alkaline phosphatase conjugate were changed to a dilution of 1 : 500. Third, following the final ethanol washes, the slides were counterstained with 0.5/igml" 1 DAPI (Sigma) for 30 min. The slides were then washed briefly in distilled water and dried. The slides were mounted with glycerol.
Results and Discussion
Cloning of PCNA, cyclinB, cyclinD, and cdc2 cDNAs -We obtained two full-length pea PCNA cDNA clones by screening the root tips cDNA library. The deduced amino acid sequences in Fig. 1(A) show overall identities of 89%, 65%, and 55% with the corresponding proteins from rice, human, and yeast, respectively. We obtained a partiallength pea cyclinB cDNA clone and a full-length pea cyclinD cDNA clone by screening the shoot apices cDNA library. The cDNAs were designated as Pissa;cycBl;2 and Pissa;cycD3;l, respectively according to the nomenclature of Renaudin et al. (1996) . Pissa;cycBl;2 gene and Pissa; cycD3;l gene are classified into CycBl group and CycD3 group with phylogenetic analysis methods, respectively (data not shown). The deduced amino acid sequences in the cyclin box are shown in Fig. 1(B) and (C), respectively. In Fig. 1(B) , the amino acid sequences in the cyclin box show identities of 82%, 60%, and 42% with the corresponding proteins from soybean, Arabidopsis, and Xenopus, respectively. The cyclin boxes are well conserved in all the sequences. The deduced amino acid sequence of the Pissa; cycBl ;2 gene is most similar to that of the soybean cyc5Gm gene (Hata et al. 1991 ). In Fig. 1(C) , the amino acid sequences in the cyclin box show identities of 92%, 73%, and 31% with the corresponding proteins from alfalfa, Arabidopsis, and human, respectively. The cyclin boxes are well conserved in all the sequences. The deduced amino acid sequence of the Pissa;cycD3;l gene is most similar to that of the cyclin<53 gene in Arabidopsis (Soni et al. 1995) . We also isolated a full length pea cdc2 cDNA clone. The deduced amino acid sequence of the isolated cdc2 contains a perfectly conserved PSTAIRE motif (for a review, see Jacobs 1995).
Differential expression of PCNA and Pissa;cycBJ;2 genes during the cell cycle-It has been shown that transcripts of the PCNA and cyclinB genes predominantly accumulate during the late G! and S phases and late G 2 and M phases, respectively (Kodama at al. 1991 , Hemerly et al. 1992 . To confirm the accumulation patterns of mRNAs corresponding to the pea PCNA and Pissa;cycBl;2 genes, we performed in situ hybridization of pea shoot apices. Fig. 2(A) to (D) show the results of in situ hybridization for PCNA and Pissa;cycBl;2 expression. The sections were counterstained with DAPI for detection of mitotic cells. In Fig. 2 (A) and (C) viewed with fluorescence, mitotic cells appeared randomly in isolated cells in the apical meristems. The section of Fig. 2(B) , which is the same as that in Fig. 2(A) , was hybridized with PCNA probe and viewed with bright field. PCNA mRNA was preferentially detected only in the interphase cells but not in the mitotic cells. The section of Fig. 2(D) , which is the same as that in Fig.2(C) , was hybridized with Pissa;cycBl;2 probe and viewed with bright field. Pissa;cycBl;2 mRNA was detected in all the mitotic cells and in part of the interphase cells. These two sense probes also did not show any signals (data not shown).
We performed double-labeling in situ hybridization using a combination of the PCNA and Pissa;cycB 1 ;2 probes. A typical result is shown in Fig. 2 (E) and (F). Cells containing signals for the PCNA probe were completely different from those containing signals for the Pissa;cycBl;2 probe.
Based on DAPI staining, in situ hybridization, and double-labeling experiments, we confirmed that PCNA and Pissa;cycBl;2 transcripts accumulate preferentially and abundantly during the late G, and S phases and late G 2 and M phases, respectively.
State of axillary buds in dormancy-to-growth transition-Axillary buds at the second node on pea seedlings do not grow on intact plants without removal of a terminal bud. Based on the mRNA accumulation patterns of PCNA, cdc2, Pissa;cycD3;l, histoneH4, and Pissa;cycBl; 2, we attempted to identify the phase of the cell cycle in which the dormant bud cells were arrested. The transcripts of each gene accumulate in a cell cycle-specific fashion. As shown in Fig. 2 , PCNA mRNA is a marker for the late Gi and S phases and Pissa;cycBl;2 mRNA is a marker for the late G 2 and M phases. Also, histoneH4 mRNA is a marker for the S phase (Schiimperli 1986) and accumulation of cdc2 kinase mRNA is closely associated with proliferating cells but not with particular phases of the cell cycle (for a review see, Jacobs 1995). Cyclin<53 transcript levels were in- duced at the G|/S transition in synchronized suspension culture cells (Fuerst et al. 1996) . Fig. 3(A) shows the results of Northern blot analyses using the cDNA inserts indicated. The hybridization signals in Fig. 3(A) are quantified in Fig. 3(B) . The mRNA levels of all the genes were very low in the dormant axillary buds on intact plants. When the axillary buds were stimulated to grow by decapitating the terminal bud, mRNA levels increased remarkably. However, the mRNA accumulation patterns of each of the genes were different. The genes were classified into three distinct groups based on the mRNA expression patterns. First, Fig. 3 Northern blot analyses of total RNA isolated from axillary buds of pea before and after decapitation. (A) Axillary buds were collected at 2 h intervals after decapitation. Total RNA (10 lig) was electrophoresed on \% agarose gels, and blotted onto Hybond N + membranes. Five membranes separately prepared were hybridized with the cDNA of PCNA, cdc2, Pissa;cycD3;l, histoneH4, and Pissa;cycBl;2. The bottom panel shows the ethidium bromide (EtBr)-stained RNA gel. (B) The hybridization signal was quantified by a Fuji BAS2000 Imaging Analyzer. The strongest signal was arbitrarily designated 1.0. PCNA mRNA increased significantly at 4 h, reached a maximum level by 6 to 10 h, and persisted at the level up to 24 h after decapitation. mRNA accumulation patterns of cdc2 and Pissa;cycD3;l were quite similar to those of PCNA. Second, histoneH4 mRNA showed an increase at 10 h, reached a maximum level at 14 h, and persisted at the level up to 24 h after decapitation. Third, Pissa;cycBl;2 mRNA increased at 14 h and remained at the maximum level from 16 h to 24 h after decapitation. In other words, these results indicate that PCNA mRNA accumulates first (in the late Gi and S phases), followed by histoneH4 mRNA (in the S phase), and then Pissa;cycBl;2 mRNA (in the late G 2 and M phases). Therefore, it is possible that most cells in dormant axillary buds are arrested at the G! phase in the cell cycle. If most cells in dormant axillary buds are arrested at the G 2 phase, the mRNA level of Pissa;cycBl;2 will increase faster than that of PCNA after decapitation. Devitt and StafStrom (1995) showed that cells in dormant buds are arrested at three points in the cell cycle, in mid-Gi, at the Gj/S boundary, and near the S/G 2 boundary. We performed in situ hybridization of pea axillary buds with the antisense Pissa;cycBl;2 probe (data not shown). The signals were detected at 4 h after decapitation. However, a few cells were labeled with the Pissa;cycBl;2 probe, and therefore, we concluded that the number of cells arrested at the G 2 phase is negligible.
Cycles of dormancy and growth in large and small buds-The four axillary buds at the second node have large and small sizes. In the following, the largest bud is called the "large bud" and the second largest bud is called the "small bud". We investigated the cycles of dormancy and growth of these four axillary buds based on mRNA accumulation patterns of PCNA and Pissa;cycBl;2. Fig. 4 (A) to (C) and (D) to (F) show the results of Northern blot analyses probed with PCNA and Pissa;cycBl;2 cDNAs, respectively. Fig. 4 (A) and (D) are the same as Fig. 3(A) . Fig. 4(B) and (E) show the results of mRNA accumulation patterns of PCNA and Pissa;cycBl;2 at the large bud and small bud, respectively, from 2 to 5 d after decapitation. Both transcripts were abundant when the large and small buds were still growing 3 d after the terminal bud was removed. In the small bud, the signals from both probes were reduced to dormancy levels after 4 d. These results indicated that the small bud entered dormancy again. That is, the large bud grew predominantly and inhibited further growth of the smaller buds. The large bud acquired the characteristics of the terminal bud and became more dominant than the smaller bud.
In Fig.4 (C) and (F), the expression of PCNA and Pissa;cycBl;2 in the small bud was analyzed after the large bud was removed 5 d after decapitating the main shoot. The mRNA accumulation patterns were the same as when the terminal bud was removed. After the large bud was removed, PCNA mRNA increased significantly at 4 h, and (E) Total RNA extracted separately from large and small buds at the indicated times after decapitating the main stem. RNA (10^g) was electrophoresed on \% agarose gels, and blotted onto Hybond N+ membranes. The membranes were probed with the PCNA cDNA (B) and Pissa;cycBl;2 cDNA (E). (C) and (F) Total RNA extracted from the small bud at the indicated times after removal of the large bud at 5 d. RNA (10 ^g) was electrophoresed on \% agarose gels, and blotted onto Hybond N + membranes. The membranes were probed with the PCNA cDNA (C) and Pissa;cycBl;2 cDNA (F).
reached a maximum level by 10 h, and persisted at the level until 24 h. Pissa;cycBl;2 mRNA increased at 15 h and remained at a maximum level from 18 h to 24 h. The accumulation pattern of Pissa;cycD3;l mRNA was quite similar to that when the terminal bud was removed (data not shown). These results suggested that most cells in the small buds were again arrested at the G, phase.
The results of the Northern blot analyses suggested that most cells in dormant axillary buds are arrested at the G| phase in the cell cycle. It appears that most cells simultaneously enter the S phase after decapitation. Furthermore, the axillary buds have the capacity to undergo multiple cycles of growth and dormancy for apical dominance.
Histological expression of PCNA genes in axillary buds before and after decapitation-An in situ hybridization was performed to determine the spatial and temporal expression patterns of PCNA in order to analyze where cells of dormant axillary buds start to divide after decapitation. Fig. 5 (see p. 259) (A) shows that the PCNA signal was absent in dormant buds on intact plants. Fig.5(B) shows that within 4 h of decapitation, an increase in the signal intensity of PCNA was apparent throughout the bud, including the apical meristem, young leaf primordia, the procambium, and a bud in the axil of the largest leaf primordium. After 16 h, PCNA mRNA was abundant in all parts of the bud (Fig. 5(C) ). The frequencies and relative signal intensities were fairly consistent with the results of the Northern blot analysis in Fig. 3 . We prepared many sections and were unable to obtain any evidence of a proximal-distal gradient of PCNA expression. These results suggested that growth signals may diffuse or be transported rapidly to all cells of the axillary buds. Cells in dormant axillary buds might be competent to respond to these signals. Further studies are needed to investigate what molecular changes occur when the dormant buds are stimulated to grow.
